Abstract. Modal parameter model acts as an analytical model of tire, because it can represent the entire tire characteristics, when applied to the tire modelling. However, without considering the effect of transfer characteristics of adjacent tread spring elements, the accuracy of modal parameter model may be limited in previous studies. Based on contact mechanics and the modal parameter model, a novel tread model is proposed considering tread transfer characteristics, and then a modified model using the modal parameters was obtained using the novel tread model. The effects of tire external characteristics were analyzed by modifying the modal parameter static vertical model. Finally, the experimental and calculated data were compared, the proposed tread model improved the accuracy of calculation. The results show that the tread transfer characteristics significantly affect contact length, i.e., by improving the predictive accuracy by 50 %, and the effect on improving the squat of tire can be ignored. The developed model may help to optimize tire modelling.
Introduction
In the recent years, with the development in vehicle technology, studies on vehicle dynamics modelling have attracted much attention, especially on tire modelling. As the tire is the only part that connects the vehicle with the road, tire modelling plays an important role in the overall vehicle dynamic modelling. Also, tread modelling significantly affects the modelling of tire. Since a tire is made up of rubber and several other materials, it is difficult to predict its damping and stiffness properties. The tread transfer characteristics will change when tires are compressed at different pressures. The modelling and properties of tires under different conditions have been studied. The tire modelling approaches under different conditions are classified into three types [1] , i.e., empirical and semi-empirical, analytical and finite element models.
The studies on tire modelling are different, as the treads are not similar. First, the Magic Formula model is a typical empirical proposed by Pacejka [1, 2] . Uni-Tire model is a typical of semi-empirical model. A tire mechanical theory was proposed, and experiments were conducted by Guo Konghui [3, 4] . However, the effects of tread transfer characteristics on the adjacent tread spring elements were not considered adequately during the empirical and semi-empirical tire modelling studies. Second, since the accuracies of different analytical tire models are different, the simplified models are also different. The 'Ring' model was the typical analytical model, and its theory was proposed by Fromm [5, 6] . The 'Beam' model was also an analytical model, and its theory was proposed by Pacejka [1] , Gong and Zegelaar [7] . In the studies on 'Ring' and 'Beam' models, the tread model comprising independent radial and tangential springs, considered the effect of damping. Third, the tire modelling method by using experimental modal parameters was developed by Guan Dihua [6, 8, 9 ]. The tread model was simplified into a parallel system composed of independent springs and dampers during the modelling. Based on the above analysis, the effects of coupling tread transfer characteristics on the adjacent tread spring elements have not been evaluated adequately.
However, in the studies of hydroplaning conditions, the tread transfer characteristics were considered in the modelling process. For instance, the effects of shape on the tread, road surface roughness and other conditions of the tire were studied by Zhang Yanhui [10] , and the tread model under the hydroplaning conditions was obtained. Also, the Reynolds equation for the tire treads extrusion section and assumed smooth pavement were considered in the tread modelling by Wang Jizhong [11] . The contact stress distribution of the element develops a singularity at the edge, the shape factor and size of the element, and the frictional condition significantly affected the contact stress among the elements. William Blythe [12] proposed slippery road conditions for the weightlessness of the tread model, the tread pattern significantly affected this condition.
This paper evaluates the optimal tread model in improving the accuracy of tire modelling for vehicle dynamics. Three contributions are presented in this paper:
-An accurate tread model is proposed for tire modelling with experimental modal, in which Contact Mechanics was used for the modelling.
-The modified experimental modal parameters for the model were collected based on Contact Mechanics.
-An optimal tread model was simulated using the modified experimental modal parameter model. The proposed approach was validated using the experimental and calculated data.
This paper is organized as follows. In Section 2, the model of tread transfer characteristics is elucidated based on contact mechanics. In Section 3, the vertical modelling of tire is described by considering the algebraic model based on tread transfer characteristics. Section 4 provides a brief introduction model on tire modelling using experimental modal parameters. Section 5 shows the simulation results of steady response tests under different load conditions to validate the tire external characteristics of the proposed model. Finally, the conclusions from the study are stated in Section 6.
Tread transfer characteristics of tire
Based on Contact Mechanics, the elastic half space is defined, i.e., bounding the object to surface with a semi-infinite elastic body. Since the actual interest points show the contact interface, as long as the contact surface is larger than the size of the object, this area of the object is much less dependent when away from the contact area, and the corresponding stress is also not dependent on the specific way of supporting the object. As an idealized model, the rubber tread model is in good agreement with the actual performance.
Because the tire modelling with experimental modal parameters mainly studied on a one-dimensional linear load, the method of elastic half space linear concentrated loading was used to analyze the tread [13] .
The -coordinate system was established as shown in Fig. 1 . The origin of -coordinate system is , and the force is loaded at point . The -axis points are within the object. In Fig.1 , is the vertical concentrated load, is the diameter of the circle through the origin of deformation, is the angle between the -axis and the origin of the deformation, and is the radius of the curvature at the formation of the -axis. is the distance of deformed center point from the vertical position. The deformations profiles and were generated under concentrated load.
The polar coordinate was used to solve stress and strain; stress function can be expressed as follows:
where is a constant. The function of ( , ) should be used in harmonic equation as follows:
Then, using Eq. (1), Eq. (2) can be rewritten as follows:
This system shows the distribution of radial stress point . At the surface = ± 2 ⁄ , except for the original point, the normal stress and shearing stress are equal to zero, i.e., = 0, ̅ = 0. Notably, the stress intensity is reduced by 1/ at ; the theory of infinite stresses shows the result of assumed load along a line concentration. Within a radius, the r should be equal to force , and can be a constant . Eq. (5) can be obtained as follows:
Then:
The following equations were derived using Hooke law, geometric equation and boundary conditions: 
where is Poisson's ratio, is the elastic modulus; , and are constants. The details are described in Ref. [14] . Because only the vertical force of the model is considered, constants , and are equal to zero. The surface deformation of the tire can be expressed as follows:
Based on the above analysis, Eq. (3) shows that the tread transfer characteristics exist during the loading. The deformation of tread occurs at the force functional point and the surrounding area of the load [14] [15] [16] [17] . Also, the method applies to the modal parameters modelling; the tread deformation under different load conditions is shown in Fig. 2 .
Fig. 2. Tread deformations under different load conditions
Then, the radial stiffness and tangential stiffness of tread transfer characteristics were derived using the following equations:
Tire modelling using experimental modal parameters
Based on the elastic properties of different portions of tire under the load, in direct modelling using the model parameters the surface contact area can be divided into three parts, i.e., carcass, sidewall and tread. The carcass deformation is the main factor resulting in squat so that the tire shows overall flexibility. The modal parameters for the carcass deformation characteristics and their relationship to the force on the tire have been determined. The tread deformation is considered as approximately massless, and has only one order of elastic ground friction characteristics, i.e. the tread deformation is a line spring deformation in the process. The feature is not reflected in modelling using the modal parameters. The center of the wheel is also a key factor in the sidewall deformation. This is verified by the comparison test. Moreover, some modal parameters of the sidewall deformation can be characterized by a similar model transfer function, and this method is applied to the sidewall model [18] . The relationship between the force and deformation of tire can be induced through three parts. Therefore, the vertical characteristics of tire contact with the ground are used to analyze the transfer function with the experimental modal 
Analysis for fitting the shapes of tread model
Since the tire side characteristics are homogeneous during in modelling process, only grounding characteristics are considered in the longitudinal modelling. To obtain each order modal shapes, the modal shapes values are measured at equally spaced discrete points on the tread equator in the modal test process. However, any values of the circumferences with modal shape are used in tire modelling, so that the experimental data can be correlated.
However, the results of modal tests show that the tread modal shapes showed harmonic characteristics [13] . The trigonometric series represented by Eq. (13) and least square method were used to determine the undetermined coefficients for the fitting process:
where , , are unknown coefficients, and is the number of terms in the trigonometric series. Eq. (13) contains 2 + 1 number of unknown parameters, and 2 number of parameters can be obtained through the test. Therefore, the equation ( 2 + 1 < 2 ) obeys the calculation process.
where = ; = ; = + ; = − (− + 2 < < ). The results of the tire modal test show trend, i.e., the modal shapes are always symmetric and simple harmonic. For most of the terms of specific order, the modal shape for the same direction of excitation and response should have a main parameter , and the modal shape for different direction of excitation and response should also have a main parameter [13, 19] . Different main parameters are decided by different shapes, i.e., ( ) are the dominant parameters for elliptical shape, ( ) are the main parameters for three flaps and so on [13] .
Case 1: Elliptical modal shape
The numbers of 12 points in the modal shapes in the tread can be obtained from the test. According to Eq. (13), the numbers of 11 parameters are unknown in the trigonometric series with five terms, i.e.,
... and ... . For excitation in the radial direction and radial direction measure (R-R) test, the proposed fitting method for obtaining an elliptical modal shape is shown in Fig. 3 and Table 1 . Table 1 shows that is the absolute dominant.
Case 2: Three modal shapes
The R-R test, for the proposed fitting method to obtain three flaps in the modal shape is shown in Fig. 4 and Table 2 . Table 2 shows that is the absolute dominant. The test analysis explained above shows that for the modal shape of four or five flaps, and are the absolute dominants respectively. Therefore, the parameters of absolute dominant are considered to determine the modal shapes.
For the radial direction excitation and radial direction measure or tangential direction excitation and tangential direction measure, Eq. (13) can be modified and expressed as shown in Eq. (17):
Similarly, for the radial direction excitation and tangential direction measure or tangential direction excitation and radial direction measure, Eq. (13) can be expressed as Eq. (18): 
Modification of model parameters in tire vertical modelling
Fig . 5 shows the surface of tire vertical plane, when it is placed parallel to the horizontal. The -coordinate system was established as shown in Fig. 5 . Point is the center of the tire. The -coordinate coincides with the plane of the wheel, with the positive direction to the right. The -axis is vertical to the plane of the wheel, with the positive direction downwards. The unit vectors and are parallel to the -axis and -axis respectively. Notably, deformation does not occur at point . First, the point is transferred to the point through the deformation of carcass and sidewall of the tire, and point is transferred to point through the deformation of the tread. The distance shown in the figure is the squat of the tire. Then, the column vectors and represent the radial and tangential distortions of carcass of the tire. The column vectors and represent the radial and tangential deformations of the sidewall of the tire. The column vectors ℎ and ℎ represent the compression and shear deformations of the pattern of the tire. The tire freedom radius is represented by . The angle between imprinted units and center of contact length is . is the angle between carcass of the tire and vertical line of the carcass after the deformation [8, 13] .
Forces and are the radial and tangential forces on the tread, respectively. Forces and are the radial and tangential forces on tire carcass, respectively. Moreover, the following assumptions were made:
(1) The directions of forces and were defined as positive in the upward direction, since forces and are less than zero in magnitude, the tread is away from the road surface;
(2) Forces and are defined as positive in the right direction; (3) The angle of is defined positive in the counter clockwise direction. Vector at the deformed position can be expressed as follows:
The coordinates for shown below can be obtained from 
The deformation of tread can be obtained using the above equations. The equations for the compression and shear deformations of the tire pattern can be written as follows: 
The deformations of the radial and tangential carcass of tire can be expressed as follows:
where is the entire flexibility matrix of carcass (m/N). The force vector of is the radial force on the carcass (N). The force vector is the tangential force on the carcass (N). Further:
where is the Laplace operator, and * is the conjugate pairs of . and are the correlation coefficients of modal shape fitting for and points, respectively.
The radial and tangential forces of and can be related to their respective deformations by considering tread transfer characteristics. The relationship can be expressed as follows:
where, is the radial stiffness of the tread elements (N/m 2 ). is the tangential stiffness of the tread elements (N/m 2 ). The process was calculated using Eq. (11) and (12) . A coordinate transformation can be obtained. Eq. (25) shows the relationship between longitudinal /vertical ( ⁄ ) force and tangential/radial ( ⁄ ) force:
The force of carcass radial and tangential can be expressed using Eq. (26):
Before the convergence of vertical and longitudinal forces is determined, the adhesion force and vertical slip force should be determined. Because the tread element works only under pressure, the positive direction of contact force was set as up. When ≤ 0, this element is separated from the ground and should not be considered. To determine slip force , is assumed as the friction coefficient between the tread and ground. When ≥ , this element is slip and the longitudinal force can be expressed as = sign( ) ; Otherwise, the value of the longitudinal force of this element is constant. Thus, the useful values of the vertical and longitudinal forces can be obtained. Thus, the convergence of the contact force should be determined. The convergence condition of the vertical and longitudinal forces can be expressed as follows:
where is the convergence precision; generally, it is less than or equal to 1 N. If the calculation results of the vertical and longitudinal forces do not meet the accuracy at the current step, they are used as the initial states for the next step of the same calculation until the errors satisfy the accuracy requirements. Based on the above analysis, combined with convergence conditions, the relationships between vertical load within radial force density distribution, vertical force and squat, vertical force and contact length of the tires under different conditions can be derived. The modal parameters mentioned in this section will be obtained in Section 4.
Block diagram of the simulation model
After obtaining the physical parameters of the tires by theoretical calculations, a model for the calculation program was constructed. Then, the initial and constraint conditions, such as the iteration approximation of the actual working conditions, and the final output were specified, as shown in Fig. 6 . 
Test and analysis of tire
The involved tests are introduced in this section. First, the procedure for extracting the modal parameters with free-free boundary are shown in Section 4.1. A higher accuracy of modal parameters was obtained, and they provide the basic parameters for tire modeling using the experimental modal parameters. Second, the validated test of the proposed modified vertical model was implemented as shown in Section 4.2. The details are described below.
Experimental for extracting modal parameters

Tire suspension mode
During the tire modelling using experimental modal parameters, the modal parameters at the tire free-free boundary reflect the essential characteristics of tire. It can be used directly in the modelling of tires [6, 8, 9] . Fig. 7 shows the mode of the tire with free-free boundary in suspension using a rope. The length of the rope was one meter, and the horizontal swing frequency of the tire (rigid body) was 0.5 Hz. The frequency in the horizontal direction is far lower than the first-step frequency of the tire. Therefore, the tire can be approximated to be in free suspension state. 
Test points
Experimental modal analysis is performed on the tire of type 205/55R16 under free-free boundary conditions. Fig. 8 shows that the circumference of the tire was divided into equal parts by 32 points. Due to rotational symmetry, the tire was excited in radial and tangential directions by an impact hammer at point 1, and the responses are captured at points 1-17. The radial and tangential responses were measured using tri-axial accelerometers, which are glued to the tire circumference.
Experimental results
The method of PloyMAX, which is also known as the multi-reference point least squares complex frequency domain method, was used to determine the modal parameters of the tire using the LMS Test Lab software. The PloyMAX method has a higher identification accuracy particularly in a seriously overlapped nodal system and highly damped system [6, 13] .
The graphs for the origin of radial and tangential coherence functions are shown in Fig. 9 , and the graphs for origin of radial and tangential frequency response functions (FRF) are shown in Fig. 10. Figs. 9 and 10 show that a higher accuracy of tire modal parameters was obtained in the exciting test. The model validation module is an important part of an LMS Test Lab software. The module can evaluate the modal authenticity and determine the quality of modal parameter using an Auto-MAC matrix. The judgment principles of matrix showed the changes in diagonal value in the other elements outside. The lower change in the value indicated that the two modals have better orthogonality, and vice versa [20] . Table 3 shows the Auto-MAC matrixes of radial excitation, and the orthogonal modal is very good, and proved that the selected modals have a higher confidence. Also, the Auto-MAC matrixes of tangential excitation are shown in Table 4 .
The results of the extracted modal parameters in the radial direction are shown in Table 5 . Also, the results of the extracted modal parameters in tangential direction are shown in Table 6 . The details are described in Ref. [6] . 
Experimental for the determination of external characteristics with static vertical situation
During the experiments to determine the external characteristics, the external characteristics showed a close relationship with the vehicle performance, especially for ride comfort and road handing. Fig. 11 shows the static external characteristics of the test rig of the tire. The squat, tread displacement and vertical force can be calculated using some sensors under the load moment working situation. The experimental data are shown in Table 7 . 
Simulation and test results
When a tire is subjected to static loads, its convex tread arc and large sidewall deformation lead to maximum stress distribution on the central rib [21] [22] [23] [24] . Since the tread is a rubber extrusion, longitudinal and transverse stresses in the tire are generated in the contact area.
The external characteristics of tire model were calculated using the experimental modal parameters. The transfer characteristics of tire tread were also considered with improved or without improved tread. Notably, some experimental data were taken from Ref. [19, 24] .
The vertical tire force distribution within the impressions' and vertical load density were calculated, and the results are shown in Fig. 12 . The graphs are consistent with the experimental results. Therefore, the lower level load can be approximated as a parabola. Fig. 12 shows that the central portion of impressions is larger, and the lowest point of tire carcass is the center of impressions. The middle level load has a wide flat area. The areas can be approximated as a trapezoid. The larger load may be approximated as a saddle shape [15, 21] . The distribution curves of the tangential force are shown in Fig. 13 . Moreover, the tangential forces corresponded to the vertical force. Fig. 13 shows that the curves have a sinusoidal shape [6, 10] . The values of tangential force are far less than the vertical force, and the improved accuracy of tire modeling is not clear under this condition. During the qualitative analysis, the results of Fig. 12 and 13 show that the distributions of imprinting and tangential forces are in good agreement with experimental data. With the increase in the force, the error values of tread with and without improvement are more and more obvious. It also shows that it is important to consider the tread transform characteristics. Fig. 14 shows that the graph of vertical load corresponds to a squat. The effect of the tread model on the squat under the vertical load is small, but some improvements may be possible for a squat with tread modelling. Further, the effect on improving the squat of tire can be ignored as shown in Fig.14. The graphical relationship between vertical force and contact length is shown in Fig. 15 . Fig. 15 shows that the tread modelling significantly affected the contact length with regard to the vertical force load, and the improvement in the contact length corresponds to the test data. The results also show that the tread transfer characteristics of adjacent tread spring elements should be considered in the modeling process.
A Comparison of the obtained data with and without improved condition shows that contact length can be improved by a predictive accuracy of over 50 %. Then, the properties of the tire can be validated, i.e. the tread is the main reason for the change occurring with contact length, and carcass deformation is the main reason for the change occurring with squat. Hence, the proposed method is significantly better than the without considered tread transfer characteristics. The authors declare that there is no conflict of interests regarding the publication of this paper.
Conclusions
A new tread model was achieved based on contact mechanics and tire modelling using an experimental modal. The main conclusions of this study are as follows:
1) A novel tread model using contact mechanics was proposed to further improve the external tire characteristics accuracy of computational model with static vertical model. It can be extensively applied to the rolling and cornering conditions for tire modeling using the experimental modal parameters.
2) The proposed modified static vertical model using the experimental modal parameters was validated using the test rig information; this will provide a reference for the calculation model and other condition test, i.e. the tire rolling and cornering.
3) Compared to the previous study, the simulation and experimental results show that the tread transfer characteristics significantly affected the contact length, i.e., improved the predictive accuracy by over 50 %, and the effect on the squat of the tire can be ignored. The results indicate that the proposed method's good performance in the accuracy is likely to find wide application in the subsequent tire modeling process.
In the future, another test will be considered with the proposed novel tread model for tire roll and cornering properties modeling and used to validate the proposed model using an actual vehicle dynamic simulation and apply to the actual vehicle. 
